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Introduction
Chilling injury is a physiological disorder that occurs in sensitive plants subjected to non-freezing temperatures below 12°C (Saltveit and Morris 1990) . Sensitive plants include those of tropical and sub-tropical origin (e.g., avocados, bananas, cotton, maize and rice) and some temperate plants (e.g., asparagus and some apple cultivars). Symptoms of chilling injury include stunted growth, reduced photosynthetic capacity, necrosis and discoloration, abnormal ripening and increased disease susceptibility. Chilling sensitivity restricts the length of the growing season, limits the geographical area available for cultivation and requires the storage temperature of harvested commodities to be at least 10°C higher than the optimum 0°C storage temperature recommended for most chilling-tolerant crops. While many hypotheses have been offered to explain the cellular basis for chilling injury, a phase transition of cellular membranes is still thought to be the initial step in a chain of events that result in chilling injury (Lyons and Raison 1970, Nishida and Murata 1996) .
Radicle growth after chilling is a sensitive indicator of chilling stress, more sensitive than the frequently used measure of ion leakage (Saltveit and Morris 1990) . This difference in sensitivity is shown by comparing the incremental decrease in subsequent elongation of the cucumber (Cucumis Abbre6iations -HSP, heat-shock protein. Physiol. Plant. 109, 2000 The present work was undertaken to investigate the effect of heat shock on the subsequent growth of cucumber radicles chilled for different lengths of time. We also examine the relationship between the vigor of germinating seeds and their response to chilling temperatures, and the relationship between a seedling's vigor and the effect of heat-shock treatments on its response to chilling temperatures.
Materials and methods

Plant material
Cucumber seeds (Cucumis sati6us L., cv. Poinsett 76) were obtained from a local vendor. Seeds were imbibed in aerated deionized water overnight (ca 16 h) at 25°C. Imbibed seeds were oriented in the normal, radicle-down position in horizontal rows on paper towels overlying moist capillary cloths, and sandwiched between 15 ×30 cm Plexiglas plate1s (3 mm thick) held together with rubber bands. The plates were held vertically in ethylene-free air at 25°C until the radicles reached ca 10 mm in length (ca 18 h).
Vigor selection
Seedlings for heat shock and chilling treatments were selected when the radicles were 1091 mm in length. For vigor experiments, seedlings 10 91 mm in length were selected at 3 different times to represent 3 different levels of vigor, with 4-5 h between samplings (i.e., 22, 27 and 32 h after 16 h of imbibition).
Heat-shock treatments
Seedlings were taken from the large Plexiglas plates and placed in 25×100-mm-diameter plastic Petri dishes on 9-cm-diameter Whatman c 1 filter paper, moistened with 3 ml of deionized water. The dishes were floated on 40°C water in a heated, temperature-controlled water bath for up to 12 min. Dishes were then floated on 21°C water for 15 min before transferring the seedlings to paper toweling overlying moist capillary cloth sandwiched between two 13×7-mm Plexiglas plates held together with rubber bands. After 2 h at 21°C, the lengths of the radicles were measured and the plates were transferred to 2.5 or 25°C.
Chilling-injury assessment
Plates containing seedlings were held vertically in 1 cm of water and chilled at 2.5°C for 1 -4 days. Subsequent radicle elongation after 3 days at 25°C was used as the measure of chilling injury (Rab and Saltveit 1996b) . In some analyses, radicle elongation after chilling of individual seeds in each treatment was ranked from longest to shortest to compare the variable responses of individual seedlings among the treatments.
Statistical analysis
All experiments were repeated at least twice, with similar results. Data were subjected to an analysis of variance (ANOVA) and means and SEs calculated.
Results and discussion
Effect of chilling on subsequent growth of cucumber radicles
Elongation of 109 1-mm-long cucumber radicles was reduced by all exposures to chilling at 2.5°C (Fig. 1) . The generally linear decline in subsequent radicle elongation for 1 -3 days of chilling was sharply increased by exposure to 4 days of chilling. Radicle elongation declined by about 10% of the non-chilled control length for each day of chilling (length =63.2− 6.20×days of chilling; r 2 = 0.98). Three days of chilling resulted in a 30% reduction in subsequent radicle elongation. If the regression line was extended beyond 3 days of chilling, it would indicate that subsequent Fig. 1 . Effect of chilling-germinated cucumber seeds, initially with 10 9 1-mm-long radicles, at 2.5°C on subsequent radicle elongation at 25°C for 72 h. The linear regression line for data points from 0 -3 days is extended to 7 days. The quadratic regression curve was fitted to data from 3-7 days of chilling. The vertical line at each mean represents the SE (n= 40) about that mean. radicle elongation should be inhibited by 40 and 50% by 4 and 5 days of chilling, respectively ( Fig. 1 ). In reality, subsequent radicle elongation was inhibited by 65 and 86% after 4 and 5 days of chilling, respectively. Longer durations of chilling further reduced elongation, but to a lesser and lesser extent. A quadratic equation (y = 3.4x 2 − 44.6x+ 146.9) fitted the data for 3-7 days of chilling at an r 2 of 0.98. The large SE about the 4-day mean reflects the wide variation in chilling sensitivity in the seedling population to this duration of chilling.
The range of values for each day of chilling indicates the degree of variability of responses among the population of seeds. Some seeds did not grow much beyond 10 mm at 25°C, even without chilling exposure, probably due to low vigor in a small portion of the seed lot. In contrast, some seeds grew well even after they were exposed to a few days of chilling, possibly indicating a natural chilling tolerance in some seeds. These anomalies are more apparent when ranking the individual seeds according to their subsequent elongation rather than from the means alone.
When ranked by individual length, the slope reflecting the decline in elongation following chilling was uniform for 0 -3 days of chilling for the majority of the seeds. A few seeds in each treatment deviated from the linear trend. When they were removed from the analysis, the slopes for 0, 1, 2 and 3 days of chilling were − 0.653, −0.645, −0.660 and − 0.676, respectively, with r 2 values of 0.9890.01 for 0 -3 days of chilling. In contrast to this uniformity in slope for exposures of 0-3 days, exposure to chilling for 4 or 5 days resulted in steadily decreasing slopes of −1.50 and − 2.28, respectively, with r 2 values of 0.99 and 0.93, respectively. Exposures for 6 and 7 days severely injured the seeds, and radicles failed to elongate. This change in the level of chilling damage is similar to the findings of Jennings and Saltveit (1994a) who reported that irreversible chilling injury occurs to cucumber seedlings with 2-mm-long radicles after 4 days at 2.5°C, while only moderate damage occurs after 3 days.
Effect of heat shocks on chilling injury of seedlings
A 40°C heat shock reduced the subsequent chilling inhibition of radicle elongation (Fig. 2) . In general, exposure to a 40°C heat shock for 4 min before chilling at 2.5°C for 4 days resulted in a : 50% reduction in the subsequent chilling inhibition of radicle elongation during 3 days at 25°C. Four and 5 days of chilling reduced radicle elongation by 67 and 84%, respectively. Applying the heat shock 2 h before chilling for 4, 8 and 12 min resulted in reductions of only 34, 34 and 40%, respectively, for 4 days of chilling, and 65, 49 and 50%, respectively, for 5 days of chilling. While 8-10 min of heat shock did improve the radicle elongation of chilled seeds, growth was only about 65 and 50% of the non-chilled controls for 4 and 5 days of chilling, respectively. Non-chilled seeds which were heat shocked exhibited no change in their growth compared to non-chilled, nonheat-shocked seeds.
Both the means (Fig. 2) and rankings of the non-chilled seeds were not significantly different among the heat-shock treatments. There were slight variations among a few of the seeds in each treatment that grew the longest, but the heat shock produced no difference in the growth of the vast majority of the seeds in each treatment. Chilling again significantly reduced the elongation of all the radicles, compared to any of the non-chilled treatments. The uniformity of radicle elongation in non-chilled seeds was similar for the majority of the chilled seeds that had been heat shocked. In contrast, radicle elongation in the non-heat-shocked, chilled seeds was more variable and depressed than in any of the other treatments. The differences seen between the chilled seeds that did or did not receive a heat shock were also evident in the rankings. Curiously, heat-shock treatments were again only able to restore about 50% of the elongation inhibited by chilling.
The ability of heat shock to ameliorate the effect of chilling on subsequent radicle elongation may be affected by the severity of chilling. To test this idea, seedlings were Physiol. Plant. 109, 2000 chilled at 2.5°C for 0, 3, 4, 5 or 6 days after being given 0 or 8 min of heat shock at 40°C (Fig. 3) . Although chilling for 3 days reduced subsequent radicle elongation by : 25%, subsequent growth of the seedlings was not improved by the heat shock treatment. However, when subsequent radicle elongation was reduced by 65, 82 and 92% following 4, 5 and 6 days of chilling, respectively, the heat shock treatment was very effective and reduced the level of inhibition to 34, 45 and 51%, respectively. These lower levels of inhibition for 4, 5 and 6 days of chilling would be predicted by extending the regression line for 0-3 days of chilling to 6 days. The regression line for the heat-shock treatments was: radicle length (mm) =71.9−6.29 ×days of chilling, r 2 = 0.98. In contrast, a quadratic equation (y = 5.0x 2 −61.2x+190.9) fitted the non-heat-shocked data for 3-6 days of chilling at an r 2 of 0.93. The coefficients in this quadratic equation are all about 26% greater than in the quadratic equation shown in Fig. 1 . Although this degree of variability occurred in a number of experiments, the shape of the curve and the proportionality among the coefficients within each experiment was very similar.
As shown in Fig. 2 , the heat-shock treatment was only able to restore a portion of the chilling-induced reduction in radicle elongation, and then only when the injury was severe enough to deviate from an extension of the regression line through the 0-3-day chilling data. Heat-shock treatments did not protect against the moderate damage that occurred during the first 3 days of chilling, but were able to protect against all of the more severe types of damage that occur during longer periods of chilling.
Although some researchers reported beneficial effects of heat shock using more than 1 day of high-temperature exposure Klein 1991, Sabehat et al. 1996) , our data are consistent with other studies that found that heat shocks of 1 h or less (often only a few min in duration) were able to induce significant levels of chilling tolerance Saltveit 1994b, Rab and Saltveit 1996b) . The ability of a short heat shock to significantly effect subsequent physiological events is illustrated by work on woundinduced browning in lettuce. A 90-s heat shock at 45°C eliminated subsequent wound-induced tissue browning in lettuce, possible through the diversion of protein synthesis from wound-induced enzymes of phenylpropanoid metabolism to the synthesis of specific HSPs (Loaiza- Velarde et al. 1997) . Although this brief exposure to an abiotic stress would be insufficient for the de novo synthesis of proteins, it is sufficient for the induction of a signal that results in subsequent protein synthesis temporally removed from the actual stress. This is demonstrated by the need for a post-heat-shock incubation period of 1 -2 h for a maximal increase in chilling tolerance (Collins et al. 1995) .
Effect of chilling and heat shocks on seedlings of different vigors
There was no significant difference among the radicle elongation of different vigor seedlings upon their transfer to 25°C after 4 days at 2.5°C (Fig. 4) . Radicles that reached 10 mm in length after 22, 27 or 32 h of growth, following 16 h of imbibition, were considered to be of high, medium and low vigor, respectively. Interestingly, the decline in radicle elongation from high (i.e., 1) to low (i.e., 3) vigor was linear (length = 66.07− 2.55 vigor ranking [i.e., 1 -3]; r 2 =0.97). Differences among the vigor classes may have become significant if seedlings had been selected with a greater range of vigor.
An 8-min heat shock at 40°C had no significant effect on the subsequent elongation of radicles from non-chilled seeds, and this response was the same for all 3 vigor classes (Fig. 4) . However, chilling for 4 days at 2.5°C reduced subsequent radicle elongation by 88%, and the 8-min heat shock was able to reduce this inhibition to 39% of the non-chilled seeds. This level of inhibition by chilling and reversal by heat shock was consistent among the 3 vigor classes.
Although Perry (1972a) concluded that increased vigor may result in an increased ability to withstand environmental stress, the seeds in the present work, which were catego- Fig. 3 . Effect of an 8-min heat shock at 40°C and chilling at 2.5°C for 0-6 days on the subsequent elongation at 25°C for 72 h of germinated cucumber seeds, initially with 10 9 1-mm-long radicles. The linear regression line for the heat-shocked treatments was calculated using data from 0, 3, 4, 5 and 6 days of chilling with heat shock. The quadratic regression curve was fitted to data from seedlings that were not heat shocked but chilled for 3-6 days. The vertical line at each mean represents the SE (n=20) about that mean. Fig. 4 . Effect of seedling vigor and heat shock on subsequent radicle elongation after chilling at 2.5°C for 4 days. All radicles were initially 10 9 1-mm long. Groups of germinated seeds with different levels of vigor were selected by choosing seeds that produced 10-mm-long radicles after 22 h (high vigor, H), 27 h (medium vigor, M) and 32 h (low vigor, L) of germination. The treatments were as follows: NC, not chilled; C, chilled; NHS, not heat shocked; and HS, heat shocked. The vertical line above each bar represents the SE (n= 10) about the mean.
rized according to their initial rates of growth, did not exhibit significant differences in their responses to chilling stress or heat-shock-induced chilling tolerance. Once the radicles reach a certain length (10 mm in this case), any differences due to vigor appeared to disappear, and they are able to withstand the stress similarly. Studies done with less developed seeds, categorized according to time of radicle emergence after imbibition, may show a greater difference. Methods of assessing vigor, other than the rate of growth after imbibition, may also show more of a significant correlation between vigor and chilling tolerance. However, many other methods are destructive and would not allow for individual seeds to be categorized according to vigor prior to the chilling and heat-shock treatments. Perry (1972a) did not study individual seeds but assessed the vigor of samples of the lots used in his study.
Although vigor may not play a role in determining a seed's response to heat shock, the variety of responses seen in a sample population to heat shocks indicate that some seeds have a better ability to respond to an applied heat shock with chilling tolerance. If the factors that influence a seed's heat-shock response can be determined, it might be possible to optimize the responses of the seeds to heat shock.
Ranking the growth of the individual seeds allows the variation in the samples and the trends of the responses to be fully examined. The variability may sometimes obscure the effects of chilling and the heat shocks when assessing the treatments by examining the mean growth rates of the seeds. Some seeds will not grow well whether they are chilled or not, and heat shocking them will not improve the response. Some seeds exhibit a natural chilling tolerance, and they will not reflect the true effect of the heat-shock treatment on the alleviation of chilling injury.
Effect of chilling and heat shock on the linear and non-linear patterns of radicle growth
The results of the present work indicate that there is a linear and a non-linear component of chilling on subsequent radical elongation. In the cucumber radicle model system, the linear phase lasts for up to 3 days of chilling, while the non-linear phase becomes dominant after 3 days of chilling. It is interesting that the non-linear decrease in radicle elongation, the effectiveness of intermittent warming and the rise in ion leakage all coincide with 3 days of chilling. The dominant paradigm for chilling is that one primary event (i.e., a phase change in a crucial membrane) is the ultimate cause of chilling injury. Perhaps chilling injury is caused by several events (with two of them represented by the fast linear and slow non-linear components) that may or may not be related to one another, and therefore it may be affected by different pre-harvest and post-harvest treatments.
Periodically warming cucumber fruit, chilled at 2.5°C to a few degrees above the threshold chilling temperature of 10°C (i.e., to 12.5°C) for 18 h, almost completely eliminated the development of chilling-injury symptoms, even when the cumulative chilling period greatly exceeded that necessary to produce severe symptoms (Cabrera and Saltveit 1990 ). This warming treatment was effective for many cycles of chilling and warming, but only if the intermittent warming was administered every 3 days. Extending the chilling period to 4 days before warming almost eliminated its beneficial effects. Similar results were obtained with fruit of chilling-resistant and sensitive cucumber cultivars, but the chilling threshold for fruit from the sensitive cultivars was less than 3 days (Jasim 1989) . Another physiological manifestation of chilling that is coincident with the 3 day limit is a significant increase in ion leakage that occurs from mesocarp tissue excised from cucumber fruit exposed to chilling temperatures (2.5°C) for longer than 3 days (Tatsumi and Murata 1978, Cabrera and . Shorter periods of chilling are not followed by significant increases in ion leakage into isotonic solutions, and it has been thought that this period encompassed a lag phase wherein no physiological damage was accruing. However, our more sensitive cucumber radical growth assay clearly shows that damage was occurring during this lag period.
The heat-shock treatment appears to have no effect on the linear decrease in elongation caused by chilling, while it completely overcame the non-linear component. The determination of which chilling injury events are alleviated or prevented by heat shocks will be important in understanding Physiol. Plant. 109, 2000 the physiological basis of chilling and how heat shocks work to reduce chilling injury.
